pathogens (OP) to true pathogens (TP). We therefore performed genome size analysis with 44 Mycobacterium strains ( Table 1) that represented NP, OP, and TP, and our analysis revealed that NP strains on average are bigger than those of OP and TP strains. One of the largest genomes in the Mycobacterium genus is that of Mycobacterium smegmatis, a nonpathogenic mycobacterium with approximately 6,717 protein-coding genes (genome size, 6.9 Mb). On the other extreme is a true pathogenic mycobacterium, Mycobacterium leprae (the leprosy bacterium), with the smallest genome, of approximately 2,770 protein-coding genes (genome size, 3.3 Mb) and approximately 1,600 functional and 1,100 nonfunctional/inactive genes (11) .
Mycobacterium indicus pranii (12) has been shown to have novel immunomodulatory properties (13) (14) (15) (16) (17) and proven therapeutic value in the treatment of leprosy (13, 14) . The evolution of this clinically "benevolent" bacterium has been suggested to be at the point of transition to pathogenicity (12) , despite earlier data from DNA sequence analysis of select genes, hsp70 (EU688981), gyrA (EU688980), and dnaJ (EU688982) of M. indicus pranii, which showed identity (99%) with corresponding genes of M. intracellulare. Comparative proteomic analyses of virulence factors of M. tuberculosis and their homologs in 12 different mycobacterial species, including M. indicus pranii, point toward gene cooption as an important mechanism in the evolution of mycobacteria (18) . We now describe comparative proteomic analyses of 13 species of Mycobacterium, including M. indicus pranii ( Table 2 ). The 13 Mycobacterium species were selected because they represented TP, OP, and NP. True pathogens, the most virulent mycobacteria, include Mycobacterium tuberculosis, the causative agent of human tuberculosis; Mycobacterium bovis, the causative agent of bovine tuberculosis; Mycobacterium leprae, the causative agent of leprosy, and a virulent nontuberculous mycobacterium (NTM), Mycobacterium ulcerans, which causes Buruli ulcers, which are the third most common mycobacterial disease in humans (19) . Mycobacterium marinum, the causative agent of fish tank granuloma in humans and granulomatous lesions similar to those of M. tuberculosis in zebrafish, was also included in the true pathogen group for our analyses (20, 21) . Opportunistic pathogens belong to the NTM group and cause pulmonary and other disseminated infections in immunocompromised individuals (22) . Members of the Mycobacterium avium complex (MAC), Mycobacterium avium and Mycobacterium avium-M. intracellulare, cause opportunistic pulmonary infections in humans, whereas Mycobacterium avium subsp. paratuberculosis, the third member of the MAC group, is the suspected causative agent of Crohn's disease in humans (22, 23) . Mycobacterium abscessus is a rapid-growing mycobacterium which causes pulmonary and cutaneous infections in immunocompromised hosts (24) . The nonpathogenic group includes Mycobacterium gilvum, Mycobacterium vanbaalenii, and Mycobacterium smegmatis, which rarely cause disseminated infections, even in immunocompromised individuals (25) (26) (27) . Our results convincingly establish the very upstream evolutionary position of M. indicus pranii and also highlight some important differences in the metabolic pathway of M. tuberculosis H37Rv which are of possible significance in virulence and pathogenesis. based on functional domain knowledge from the InterPro/Pfam database. Interestingly, 60 proteins were found to have conflicting COGand InterPro/Pfam-based annotations. In such ambiguous cases, the protein sequences were further submitted to analysis using GENE3D to further confirm the annotation. GENE3D upheld the Pfam/InterPro annotation for all except two cases (MIP_02898 and MIP_06278), for which no hit was found in GENE3D. COG and Pfam/InterPro annotations of these 2 proteins have no link in the existing literature or protein family knowledge (see Table S1 in the supplemental material). Thus, annotating a new proteome using Interpro not only provides better annotation coverage but also increases the confidence of annotation by providing in-depth knowledge regarding domains, motifs, and a structural annotation of the given protein sequence.
RESULTS AND DISCUSSION

Reannotation
Comparative genome size analysis. The complete genome sequences of the 44 mycobacterial species used in our analyses were available in the public domain. (Fig. 2) .
Sequence-based functional analysis. Homologs obtained by BLASTp analysis were assigned functional relationships by comparing their Interpro/Pfam functional domains. About 90% functional similarity between proteins can be observed if their sequences are at least 60% identical (29) ; neither the percentage of sequence identity nor expectation value can give complete insight into the relationship between two proteins (30) . Taking these reports into account, we performed an analysis to establish functional assignments based on InterPro/Pfam domain hits to the sequence identity data of BLASTp between proteins of M. indicus pranii and 12 other Mycobacterium species (Table 2 ; Fig. 3A ). Our analyses revealed that Interpro/Pfam hits indicated M. indicus pranii to be most closely related to members of the Mycobacterium avium complex, with M. intracellulare and M. avium 104 having 77.9% and 74.9% of proteins functionally similar to those in the M. indicus pranii proteome, respectively. The functional relatedness of homologs fits well into the upper left corner of the receiver operating characteristics (ROC) space, indicating high sensitivity and specificity, which qualifies the functional relatedness analyses as an optimal model (Fig. 3B) .
This analysis was further used to find a BLASTp sequence iden- tity cutoff score below which no homologs shared a functional domain. In order to correlate the BLASTp sequence identities of homologs with their functional relatedness, numbers of true positives (tp), false positives (fp), true negatives (tn), and false negatives (fn) were distributed as per BLASTp sequence identity, ranging from 0 to 100% and using 10% as the bin size. When we plotted the true-positive rate (TPR) versus a range of lower sequence identity cutoffs (0 to 100%), it was observed that below a 20% sequence identity no homologs shared functional domains (see Fig. S1 in the supplemental material). This cutoff was further confirmed when we plotted the Matthews correlation coefficient (MCC) for a range of sequence identity cutoffs (0 to 100%). MCC values were zero, as calculated for the sequence identity cutoff of 20%, and exhibited a sharp rise at 30% sequence identity (see Fig. 4 ; see also Table S2 in the supplemental material).
Comparative metabolic pathway analyses. There were 387 enzymes (EC numbers) common between M. intracellulare ATCC 13950 and M. indicus pranii (part of the MAC complex). When these two genomes were compared to M. tuberculosis (part of the MTB complex), only 17 enzymes remained uniquely shared between the M. intracellulare ATCC 13950 and M. indicus pranii genomes (Fig. 5a ). Compared to M. avium 104, only 12 enzymes remained uniquely shared between M. intracellulare ATCC 13950 and M. indicus pranii (Fig. 5b) Although the genome sizes of OPs (M. intracellulare ATCC 13950 and M. avium 104) and TP (M. tuberculosis) are reduced compared to the genome size of M. indicus pranii (an NP), our analysis indicated that the OP and TP genomes have acquired few enzyme-coding genes. It is tempting to suggest a likely association between these acquired enzymes and the virulence of these OPs and TPs. One of the three shared enzymes, EC 1.8.7.1, which encodes a ferredoxin-dependent sulfite reductase (encoded by the nirA gene), is active during the dormant phase and has been reported to be a potential drug target for Mycobacterium tuberculosis (33) .
Comparative metabolic pathway analysis (Fig. 6) intracellulare ATCC 13950 (orange; an OP), and Mycobacterium tuberculosis H37Rv (pink; a TP) were selected for comparative genomic analyses. We used BLASTp, with a cutoff of 20% identity and e value of 10e-4, to determine the number of homologous protein-coding genes common between them (shown as edge labels between the nodes). The arrowhead represents the query genome, whereas the arrow tail represents the subject genome.
intracellulare ATCC 13950, such as those for butanoate metabolism, amino acid biosynthesis pathways, etc. (Fig. 6, shown in red) . Alternate metabolic pathways must have evolved during mycobacterial evolution. M. tuberculosis H37Rv has few unique enzymes, which might be part of its evolutionary adaptation, and they thereby present potential drug targets. For example, gene Rv1771 (EC 1.1.3.8) is found in the ascorbate and aldarate metabolism pathways. Gene Rv3097c (EC 3.1.1.3) is an important precursor enzyme in the fatty acid pathway (Fig. 6b and c Conclusions. The COG method of proteome annotation is based on assignment of a sequence-based orthology, whereas function prediction tools like InterPro add to in-depth annotation of a gene by utilizing the domain and signature knowledge. We found that COG-based annotation of the M. indicus pranii proteome consisted of some ambiguous cases compared with other protein domain databases that are used for annotation. The combination of homology-based COG and a functional domain database like InterPro/Pfam provided the maximum coverage for annotating a proteome. The protein domain knowledge available using InterPro/Pfam and the Conserved Domains Database (CDD) can help associate sequence-based homologs with the functional orthologs. From the above approach, we found that among mycobacterial species, for a protein to be a homolog, its sequence identity should be above 20%. We have also highlighted here the importance of comparative genomics and protein domains by curating 60 misannotated M. indicus pranii genes in the public database (see Table S1 in the supplemental material).
Our comparative genomic and proteomic analyses of pathogenic and nonpathogenic mycobacterial species provided strong evidence suggesting that despite having identical rRNA genes (except for notable differences in the 23S rRNA gene) with M. intracellulare, M. indicus pranii (an NP with strong immunomodulatory properties) is a predecessor of the M. avium complex (12) and is at an evolutionarily transitory position with respect to a fast versus slow grower and as a saprophyte versus a seasoned pathogen (6, 12) . During the process of evolution, M. indicus pranii evolved into M. intracellulare ATCC 13950 (an OP) when a few genes were deleted and a few enzyme-encoding genes were acquired (which may provide a common/evolutionary link between M. avium 104 [OP] and M. intracellulare ATCC 13950 [OP]). A similar pattern as with M. intracellulare ATCC 13950 is exhibited by Mycobacterium tuberculosis, where a large portion of genes with a conserved proline-glutamate (PE) motif or proline-prolineglutamate motif (PPE) family have been acquired (5), although most of them are still hypothetical proteins. Although we know that members of the PE/PPE gene family code for virulence factors (4, (34) (35) (36) , it will be interesting if some of these hypothetical proteins have any enzymatic function, as until now only one PE protein, PE30 (Rv3097c), has been reported to exhibit enzymatic activity (37) . Such proteins can be exploited for antituberculosis drug therapy. The host-pathogen interaction network between M. tuberculosis and humans (38) might provide some insight into the evolutionary pressure under which M. tuberculosis obtained a new set of pathways for its survival, which can be exploited again for antituberculosis interventions. Furthermore, our findings on the presence of alternative metabolic pathways in Mycobacterium tuberculosis pose important questions about their role in virulence and the consequent implications for designing new interventions against tuberculosis.
MATERIALS AND METHODS
Reannotation of the M. indicus pranii proteome. The prediction of protein function domains for the ORFs of M. indicus pranii was carried out using InterPro (39, 40) and Pfam (41) . The domain hits of individual proteins were compared to annotations of the COG database (42) . As InterProscan uses CATH GENE3D version 3.3.0 (43), in cases of ambiguity the protein sequences were submitted to GENE3D v11.0 and the Domain Enhanced Lookup Time Accelerated BLAST (DELTA-BLAST) system (44) to confirm the annotation.
Functional relatedness of homologs. A sequence identity above 60% between two proteins is required to have 90% functional similarity (29) ; however, neither the sequence identity nor the expectation value can give complete insight into the relationship between two proteins (30) . We therefore tried to relate the functional similarity based on Interpro/Pfam domain hits to the coverage and sequence identity of BLASTp results between M. indicus pranii and other Mycobacterium species. To show the functional relationships between homologs, we assigned a value of 1 for a positive functional relationship if the homologs shared at least one InterPro/Pfam ID and a value of 0 if they shared none, indicating no functional relationship.
The statistical significance of our approach was determined using data from DELTA-BLAST, which returns the domain hits of a protein from the CDD. For each homolog pair, we assigned a value of 1 if they shared at least one conserved domain and a value of 0 if they did not share any conserved domain listed in the CDD. The findings from the above two lists (InterPro/Pfam and CDD) were compared to calculate the number of tp, tn, fp, and fn (see Chart S1 in the supplemental material), which were used to plot ROC curves.
In order to obtain a sequence identity cutoff below which no functional similarity or homologs were observed in the Mycobacterium genus (13 species included in the analyses), we plotted the number of tp against sequence identity (varying from 0% to 100%) for M. indicus pranii versus all 12 Mycobacterium other species (see Fig. S1 in the supplemental material). Furthermore, MCC values were calculated for sequence identity cutoffs ranging from 0 to 100% (see Fig. S2 in the supplemental material) . We also performed all-against-all BLASTp-based homology searches for 13 Mycobacterium species, using a sequence identity cutoff of 20% and an e value of Ͻ1eϪ04 (45) .
Comparative metabolic pathway analyses. Analysis of metabolic enzymes was carried out based on the IUBMB EC numbers (46) 
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